Abstract. Alternate bearing of pecan [Carya illinoinensis (Wangenh.) K. Koch] remains the leading problem of the industry. Several cultural practices have been developed or improved to mitigate alternate bearing. Premature defoliation was one problem identified that substantially decreased return bloom. The objective of this study was to determine the response of individual shoots exposed to various defoliation treatments. In one study, individual vegetative or bearing shoots were hand-defoliated in midSeptember. Defoliation was the basal one-half, distal one-half, entire shoot, or not defoliated. Another study applied the same defoliation treatments to bearing shoots in July, August, or September. Defoliation had minimal effects on return bloom and rarely affected the percentage of current-season shoots fruiting the next year. Defoliation date also had little effect on return bloom. These data indicate that individual shoot response to defoliation was not autonomous and has implications for determining crop overload and needed mechanical fruit thinning.
Pecan alternate bearing remains a major industry problem (Smith and Weckler, 2011) , although basic information regarding flowering regulation has expanded (Bangerth, 2009; Wood, 2011) . Current theory of angiosperm fruit tree flowering regulation supports a levelone autonomous floral pathway with signaling by a mobile flowering locus T protein (Yang et al., 2007) and a level-two long-distance floral signal that engages histones affecting chromatin configuration and thus accessibility to particular genes for transcription (Kouzarides, 2007; Nelissen et al., 2007) .
Premature defoliation, i.e., before a normal killing frost, of the entire tree markedly reduces pistillate flowers the next year (Hinrichs, 1962; Worley, 1979a) . Early defoliation may negatively impact pistillate flower production by reducing available non-structural carbohydrates (Worley, 1979b) implicated in pistillate floral production (Wood, 1989; Worley, 1979a) or decreasing certain phytohormones or growth regulators involved in level-two long-distance floral signaling (Bangerth, 2009; Wood, 2011) .
Typically current-season's reproductive shoots end in a pistillate flower cluster. Occasionally, lateral buds initiate growth; thus, the distal portion of a reproductive shoot is vegetative. Next year's pistillate flowers develop from lateral buds (bearing shoots) or terminal and lateral buds (vegetative shoots) on one-year-old branches. These buds produce current-season shoots that end in pistillate flowers or remain vegetative. Pistillate flower induction takes place in early August (Amling and Amling, 1983 ), but differentiation is delayed until bud swell in March (Wetzstein and Sparks, 1983) . Vernalization has been suggested as a requirement for floret formation (differentiation) in pecan (Amling and Amling, 1983) . In Arabidopsis, a fundamental mechanism of the photoperiodic and autonomous pathways was delivery of sugar to the shoot apex (van Nocker, 2001 ). Vernalization and autonomous pathways converge on the negative regulation of flowering locus C (Ausín et al., 2004) . In pecan, vernalization may enhance sugar transport to induced meristems, avoiding meristem reversion to the vegetative state and favoring pistillate flower differentiation. Cultivars receiving inadequate chilling may have greater reversion of induced meristems resulting in less production.
Unraveling environmental and cultural conditions that influence flowering is complex, but research combined with persistence has yielded positive results. Pistillate flower induction and eventual differentiation appears to be influenced both locally (shoot or branch) and at the whole tree level. For instance, fruit removal on an individual shoot positively impacts return bloom of the same shoot on certain cultivars (Smith et al., 1986) . Shoots with fruit have a greater likelihood of flowering the next year than vegetative shoots if the cultivar has a moderate alternate bearing index, but the likelihood is less if the cultivar severely alternate bears (Rohla et al., 2007a) . The tree's total cropload appears to have more impact on return bloom than the fruit load on an individual shoot, even if stored non-structural carbohydrates are abundant (Rohla et al., 2007b) .
Several cultural practices have been developed that mitigate irregular bearing. These include management of the tree canopy for light interception (Hinrichs, 1961; Lombardini, 2006) , mineral nutrition (Smith et al., 2012) , groundcover vegetation (Smith, 2011) , water (drainage, conservation, and irrigation) (Kallestad et al., 2006; Smith and Bourne, 1989) , pest control (Mulder et al., 2011) , and crop load Smith and Gallott, 1990; Smith et al., 1993) . Certain arthropod pests and disease occasionally cause partial defoliation on individual shoots [for example, Hyphantria cunea (Drury), Datana integerrima Grote and Robinson, Melanocallis caryaefoliae (Davis), Cladosporium caryigenum (Ellis and Langl.) Gottwald]. The degree of defoliation varies from a few leaflets on a compound leaf to entire shoots defoliated. This localized defoliation may affect subsequent pistillate flower production.
The objective of this study was to evaluate the effect of localized defoliation (shoot level) on return bloom. Specifically, the location and amount of defoliation on a shoot and defoliation time were investigated to determine the effect of subsequent flowering on the same shoot.
Materials and Methods
Studies were conducted at the Cimarron Valley Research Station near Perkins, OK (lat. 35°59#35$ N, long. 97°02#34$ W, 283 m elevation). Soil at the station is Teller sandy loam (fine-loamy, mixed, thermic, Udic Argiustoll). Trees were fertilized based on leaf analysis results (Smith et al., 2012) and pest control followed commercial guidelines (Mulder et al., 2011) . Typically, nitrogen (N) was applied during March using a tractor-pulled broadcast spreader at a rate of 112 kg · ha -1 N from urea. Three to five annual foliar applications of zinc sulfate (36% Zn) at 6.5 kg · ha -1 were applied when the first leaf began to unfurl and then at 2-to 3-week intervals. Other elements were ground-applied as a broadcast application if their concentration was below the leaf elemental sufficiency range.
Expt. 1. Trees used in the study were 'Maramec' on Apache seedling rootstock planted in Mar. 1981. Trees were initially spaced 12.2 m 3 12.2 m, and then trees were thinned diagonally among rows in 2001 to 15 m 3 15 m. Trees were irrigated with a buried dripline 2.5 m from the trunk on each side of the tree with emitters spaced at 0.6 m. Irrigation application was based on the farm manager's judgment.
Treatments were shoot type, either vegetative or fruiting, and defoliation treatment. Defoliation treatments on individual shoots consisted of removal of all leaves, leaves on the basal one-half of the shoot, leaves on the distal one-half of the shoot, or not defoliated. Defoliation treatments were applied by hand in mid-September each year. Each treatment combination consisted of 20 shoots per tree replicated on five trees (two shoot types 3 four defoliation types; 160 total shoots/tree; 100 shoots/treatment). All vegetative and bearing shoots selected for the study were in the terminal position on one-year-old To whom reprint requests should be addressed; e-mail mike.smith@okstate.edu.
branches, 10 to 17 cm long, and bearing one to three fruit. The study was conducted in 2005 and 2008. The next May, the position of the currentseason shoot on the one-year-old branch (terminal or lateral) was recorded and the number of flowers per current-season shoot was counted. Data were analyzed as a randomized complete block (tree served as block) with subsamples (individual shoots were subsamples) using a mixed model with the Kenwardroger option used to calculate the denominator df (Littell et al., 1996) . Treatment means were compared using orthogonal contrasts and by comparisons within shoot type to the foliated control using the protected least significant difference at the 5% level.
Expt. 2. Trees in this study were 'Maramec' on Colby seedling rootstock planted in Oct. 1993 and spaced 12.2 m 3 12.2 m. Trees were not irrigated. Treatments were the same as in Expt. 1 and applied during midSept. 2009. Each treatment combination consisted of 10 shoots per tree replicated on 10 trees. Shoots selected for the study were 20 to 35 cm long with two to five fruit per shoot. Data collection and analysis were as described for Expt. 1.
Expt. 3. 'Kanza' grafted on Giles seedling rootstock irrigated with solid set sprinklers were used for this study. Trees were planted in Feb. 2000 at 7.6 m 3 10.7 m and were thinned in winter of 2009-10 to 10.7 m 3 15.2 m.
Shoots that were 20 to 25 cm long bearing four to five fruit were selected for the study. Treatments were individual shoot defoliation as described previously and were applied 22 July, 22 to 23 Aug., or 22 Sept. 2010.
None of the defoliation treatments resulted in budbreak and shoot refoliation during the same growing season. Each treatment combination consisted of 10 shoots per tree (subsamples) on 10 trees (blocks). Data collection was as described in Expt. 1. Data were analyzed as a split plot with defoliation treatment serving as the main plot, defoliation date as the subplot, and shoots as the subsample using a mixed model analysis with the Kenwardroger option used to calculate the denominator df (Littell et al., 1996) . Means were computed using the least squares technique and compared using single df orthogonal contrasts.
Results
The effect of treatment on the number of new shoots per one-year-old branch was minimal or inconsistent among years (Table 1 ). In 2006, shoots that were vegetative with any defoliation produced an average of 0.2 more current-season shoots than those not defoliated. In 2009, vegetative shoots with basal defoliation produced slightly more shoots than those not defoliated, but other defoliation treatments were similar. Defoliation treatments did not affect shoot production on branches with fruit the previous year in 2006 and 2009, but in 2010, defoliation increased current-season shoot production. Currentseason shoot production was enhanced on previously vegetative compared with bearing branches in one of three years.
Defoliation had minimal effects on the number of pistillate flowers derived from one-year-old branches (Table 1) . In 2006, branches with basal defoliation that were vegetative the previous year had more flowers than previously bearing branches. Otherwise, flower production was unaffected in 2006 or 2009. In 2010, defoliation enhanced flower production of previously bearing shoots. In addition, previously bearing branches produced more flowers than those that were vegetative if defoliation was distal or total.
Percentage of shoots with pistillate flowers on all current-season shoots or only those in the terminal position on a one-year-old branch were analyzed (Table 2 ). The main effect of the previous year's fruit bearing status did not affect fruiting of current-season shoots throughout the study. In 2006, defoliation suppressed current-season fruiting if branches were previously vegetative, but not if they were fruit-bearing. Terminal shoots producing fruit were dramatically inhibited by defoliation (80% fruiting when foliated vs. 67% fruiting with partial or total defoliation) in 2006. Fruit production in 2009 was low compared with other years and was compromised by a late spring frost that damaged some developing shoots. No treatment affected current-season shoot flowering in 2009. Data in 2010 were similar to that in 2006. Fruiting of all shoots developing from previously vegetative branches was reduced by defoliation, but if the branch had fruit previously, defoliation had no effect on current-season fruiting shoots. Defoliation restrained current-season terminal shoots bearing fruit (90% fruit bearing when foliated vs. 82% fruit bearing with partial or total defoliation). Previous year's branch bearing status did not affect current-year bearing shoot percentage. Neither defoliation treatment nor date the treatment was applied affected the number of current-season shoots per branch, percentage of current-season shoots fruiting, or currentseason shoots in the terminal position fruiting on 'Kanza' trees (Table 3 ). The number of flowers arising from a one-year-old fruiting branch was slightly greater if the basal portion of the shoot was defoliated in September rather than in July or August. Otherwise, defoliation treatment and defoliation time did not affect the number of flowers produced from one-year-old branches.
Discussion and Conclusions
Data from this study indicated that maintaining healthy leaves on an individual shoot was not essential for subsequent pistillate flower production but sometimes moderately increased pistillate flowers of 'Maramec' (Table 1) . Defoliation times ranging from late July to late September had virtually no effect on return bloom of 'Kanza' (Table 3) . Others (Hinrichs, 1962; Worley, 1979a) reported defoliating one-half to the entire canopy in early August or September virtually eliminated return bloom with the negative effects of premature defoliation decreasing by early October. The contrast between those studies and the present study was individual shoot defoliation vs. a large portion or the entire canopy. Another difference was August and September defoliation resulted in refoliation in those studies where large portions or the entire canopy was defoliated, whereas individual shoot defoliation that represented a small portion of the canopy did not cause refoliation. When Hinrichs (1962) defoliated NS, *, **, *** Nonsignificant or significant at *5%, **1%, or ***0.1%. Means followed by asterisk(s) are significantly different from the control (none) within the same shoot type (vegetative or fruiting) by the protected least significant difference. one-half of the tree, the two parts of the canopy responded differently; return bloom was suppressed by defoliation. Hand defruiting one-half of a pecan tree resulted in a greater return bloom on the defruited side compared with retaining fruit . Sparks and Brack (1972) hand-defoliated or defruited limbs that were 10 cm or larger at their base. Defruiting increased return bloom and defoliation suppressed return bloom. Studies clearly support whole tree leaf retention as a major contributing factor in return bloom (Hinrichs, 1962; Worley, 1979a) , but differential responses within the canopy are possible if the unit is sufficiently large (Hinrichs, 1962; Reid et al., 1993; Sparks and Brack, 1972) . Apparently, there is enough interaction allowing a small portion of the canopy such as an individual shoot to defoliate with the negative effects mitigated by the positive influence from the rest of the tree. Rohla et al. (2007a) concluded that the whole tree cropload was more important than the fruit load on an individual shoot in determining if that shoot would produce pistillate flowers the next year. These data support his conclusion in that the primary influence on subsequent pistillate flower production is based on the entire tree and secondarily and to a far lesser extent on fruit or leaf load on individual shoots. The implication of this conclusion influences assessment of crop overload and the need for mechanical fruit thinning (Smith and Gallott, 1990) . Vigorous trees frequently appear overloaded on the lower two-thirds of the canopy, but the top one-third has minimal fruit and substantial foliage. Similarly, hedge-pruned trees have areas in the canopy where fruit is abundant and other locations with few fruit but abundant foliage. Initial recommendations were to judge the cropload at the middle of the canopy rather than considering the cropload throughout the canopy. It was further assumed that individual shoots tended to act autonomously with larger fruit clusters decreasing both nut quality and return bloom. However, cluster size had a minimal effect on nut quality and return bloom (Rohla et al., 2007b) , and individual shoot defoliation demonstrated a strong interaction with unaffected areas mitigating negative effects of defoliation (Tables 1 to  3 ). Conclusions based on this body of evidence are that the entire tree cropload must be considered when determining crop overload and cluster size need not be considered under normal circumstances when making this judgment. The same body of data indicates that uneven fruit removal among canopy locations and within fruit clusters during mechanical fruit thinning will have little impact on nut quality or return bloom.
